1. Introduction {#s0005}
===============

Wildfires often result in great losses to property, damaged infrastructure, destroyed ecosystems ([@b0475]), and loss of human life. According to [@b0570], local and national economies are affected as well, through the destruction of marketable assets. In the European Union (EU), most forest fires (up to 90%) occur in Mediterranean countries ([@b0105], [@b0040]). The Mediterranean climate and biogeographic characteristics facilitate the outbursts of wildfires and the manifestation of post-fire erosion ([@b0620]). Fire frequency, extent, and severity have increased in the most recent decades ([@b0150], [@b0155]). Furthermore, fire hazard is constantly amplified ([@b0560], [@b0465]), driven by inadequate forest management practices, the ongoing climate change \[i.e. prolonged and drier summers; occurrence of abnormally high temperatures ([@b0390], [@b0230])\], abandonment of cultivated lands that leads to disproportionate biomass (fuel mass) accumulation ([@b0365]), and human activities such as arsons, campfires etc. ([@b0315], [@b0340]).

Wildfires cause partial or complete loss of vegetation cover, disruption of the soil\'s physical properties, reduced biological activity, increased runoff and unhindered transition downstream; manifestation of flooding events, vulnerability of soil to water erosion, and increased sedimentation rates ([@b0300], [@b0610], [@b0360]). More specifically, the complete loss of vegetative cover has severe and long-term impacts (obstruction of the role of the canopy; rooting system). Forest tree canopy act as a protective barrier against particle detachment during rainfall events, by intercepting rainfall from directly reaching the ground plane. The rooting system stabilizes and enhances the mechanical strength of the soil, influences its effective hydrological depth and increases flow roughness leading to a reduction in runoff and associated erosion ([@b0135]). Overall, an exponential increase of soil loss is induced by the evolving decrease of vegetation cover ([@b0645], [@b0210]). The impacts on soil properties include organic matter loss, bulk density increase ([@b0415]), porosity; infiltration and water retention capacity decreases ([@b0080], [@b0520]), a reduction in cohesiveness; and a decrease in aggregate stability ([@b0025]).

The most recognizable post-fire effect drivers include: fire characteristics, the local precipitation attributes, surface topography, type of flora, and local geology. More specifically, fire characteristics involve intensity, duration, and severity ([@b0085], [@b0175]). Rainfall attributes include depth, intensity, duration, spatio-temporal variability, and the time span between the fire event and the first rainfall episode ([@b0540]). In terms of local topography, steep ([@b0690]) and south aspect ([@b0310]) slopes are more sensitive to wildfire impact. The type of flora defines the vegetation recovery rate ([@b0460], [@b0615]). Finally, prone to erosion and/ or favouring surface runoff and soil sealing \[either by sediment ([@b0410]) or ash ([@b0290]) particles\] bedrocks induce significant post-fire effects as well. In the first post-fire year soil erosion and surface runoff are much more apparent and severe against natural conditions ([@b0540]) being particularly accelerated during the successive wet season.

The significance of fire impact on a catchment\'s hydrological regime ([@b0585]) and soil erosion dynamics (on-; off-site consequences) mandates the accurate simulation and prediction of accelerated post-fire soil loss rates ([@b0195], [@b0530]). Estimates are crucial for scientists and policy makers, in order to evaluate risk, implement prevention and mitigation measures and design rehabilitation planning. Early erosion studies were based on field observations. Yet, the accuracy of such approximations was counterbalanced by their high cost, time consumption, requirement of specialized expertise, and the overall impracticality in performing large-scale measurements. The modernization of computational tools and the parallel development of Geographical Information Systems (GIS) allowed the generation of several erosion models, of different accuracy and complexity i.e. empirical \[e.g. EPM ([@b0190]), USLE ([@b0650]), RUSLE ([@b0505]) etc.\], stochastic \[e.g. AGNPS ([@b0700]), SWAT ([@b0035]) etc.\] and deterministic \[e.g. ANSWERS ([@b0045]), WEPP ([@b0405]), KINEROS ([@b0660]), EUROSEM ([@b0370]) etc.\]. These models have evolved into critical decision-making tools, facilitating the problems encountered in conducting field sampling at large spatial scales. The decision on selecting the appropriate type is driven by data availability, local conditions, the physical extent of the study area, and aspired degree of accuracy. Several researchers ([@b0120], [@b0170], [@b0545], [@b0235]) have chosen the empirical RUSLE model ([@b0505]) in order to assess post-fire erosion and land use change implications at Mediterranean areas. [@b0140], [@b0235] have utilized the PESERA (Pan-European Soil Erosion Risk Assessment) ([@b0710]) model in predicting the changes in spatial variability of soil erosion following a wildfire event. Other models e.g. Disturbed WEPP (Larsen and McDonald, 2007), EPM ([@b0395]), MMF ([@b0170]), have also been used to evaluate post-fire soil loss rates. RUSLE was chosen for the present study considering its simplicity, ease of use, computational speed, and low demand for input data.

Furthermore, Earth Observation (EO) technology allows the monitoring of landscape dynamics over large areas. Satellite imagery enables the acquisition of cost-effective and time-saving field data for extensive and difficult to access regions, providing moreover continuous measurements ([@b0565], [@b0485]). Therefore, EO multispectral data is also a critical tool of universal applicability for detecting, monitoring, and assessing the damaging impacts of wildfires ([@b0295], [@b0180]) and of post-fire soil erosion and loss potential ([@b0300], [@b0305]). Both optical and radar satellite remote sensing have proven to provide significant insight in natural disasters events. Fire severity estimation through remote sensing can be tracked utilizing either optical sensors using vegetation indices or active sensors, especially when using L-band wavelength which is sensitive to temporal changes in vegetation structure ([@b0590], [@b0320]). The European Commission has developed the European Forest Fire Information System (EFFIS) ([[http://effis.jrc.ec.europa.eu/]{.ul}](http://effis.jrc.ec.europa.eu/){#ir005}) to provide a fire risk forecast and a fire danger assessment in EU countries. EFFIS is one of the Copernicus Emergency Services and becomes an essential tool for providing most up-to date information on fire danger in EU, identify the evolution of wildfires and help national authorities to monitor these wildfires ([@b0555]).

Wildland-Urban Interface (WUI) areas comprise "*the transition zones between cities and wildland, where structures and other human development meet undeveloped wildland or vegetative fuels*" ([@b0165]). Given the highly disastrous impacts of forests fires on such zones ([@b0470], [@b0015]), the probability of constant expansion towards fire-prone wildlands especially in the Mediterranean ([@b0595]) and the lack of harmonised transnational forest protection legislation in Europe \[each country produces its own policy; buffer zones around urban settlements/wildlands range from 50 to 200 m/100--400 m, respectively ([@b0355])\], these areas need to be prioritized by developing fire control/ management plans to minimize the associated risk ([@b0220], [@b0325], [@b0350]).

The purpose of the study is to assess the impacts of the devastating fire of July 2018 at Mati, Attika on soil erosion based upon its size, intensity, socio-economic impact, and environmental consequences. To that end, RUSLE was applied (pre-; post-fire) to the Rafina watershed, including the WUI zone of the Mati settlement. To our knowledge this is the first time that RUSLE is used to model soil erosion at a WUI after a fire event, at least in a Mediterranean region. Apart from the implementation of RUSLE at the WUI zone, the novelty of the study also involves the analytical calculation of the R-factor based on the EI~30~ index, the analytical calculation of the K-factor based on field samples, the "upgrade" of the CORINE (Coordination of Information on the Environment) Land Cover (CLC) v. 2018 in order to describe the specific configuration of the WUI, and the utilization of remote sensing techniques in order to calculate the C-factor and assess the severity of the fire.

2. Materials and methods {#s0010}
========================

The flowchart ([Fig. 1](#f0005){ref-type="fig"}) presents schematically the methodology followed in this study.Fig. 1Methodology flow chart.

2.1. Study area {#s0015}
---------------

The study area, namely Rafina catchment, is located in Attica, Greece, between 37^o^56′ to 38^o^05′ N and 23^o^45′ to 24^o^00′ E. The study site is located approximately 25 km northeast of Athens \[[Fig. 2](#f0010){ref-type="fig"}(a)\], occupying an area of 135.32 km^2^. Dominant topographic features include the Hymettus and Penteli mountains, being bound by shallow basins oriented in a northwest--southeast and northeast--southwest direction ([@b0345]). The elevation ranges between 0 and 940 m, having a mean value of 227.8 m; steep slopes characterize the northern regions of the catchment while the relief is milder at the eastern part towards its outlet. The hydrographic network is relatively dense, presenting a more complex form to the northern and eastern parts of the catchment. The drainage pattern is of a dendritic type. The broader Eastern Attika experiences a Mediterranean climate type, featuring hot and dry summers and mild and wet winters. The bedrock of the study area is mainly comprised of Neogene formations of Upper Pliocene--Lower Pleistocene, Quaternary and Pleistocene alluvial deposits, limestones, and marbles \[[Fig. 2](#f0010){ref-type="fig"}(b)\] ([@b0010]). The encompassed area of the Mati settlement that was damaged by the wildfire occupies 14.49 km^2^ of the basin \[[Fig. 2](#f0010){ref-type="fig"}(b)\].Fig. 2Study area.

### 2.1.1. The devastating fire of 2018 {#s0020}

The crown fire of 2018 at Mati, Attika has been referred to as the deadliest natural disaster in the history of the Modern Greek state. The fire broke out on July 23 at the forest surroundings of the Ntaou region on Penteli Mountain, eastern Attica, approximately 20 km northeast of Athens and 5 km off the Eastern Attica coast. It was initially directed towards the Dionysos area at normal rate, burning low vegetation. Due to the extreme weather conditions, i.e. high temperatures (nearly 40 °C), low relative humidity (around 19%), locally gale force winds \[velocity of up to 124 km h^−1^ or 12 Beaufort (highest grade on the respective scale), ([http://meteo.gr /UploadedFiles/articlePhotos/JUL18/MaxGusts_Attica_23072018.png](http://meteo.gr+/UploadedFiles/articlePhotos/JUL18/MaxGusts_Attica_23072018.png){#ir010}) (accessed 24 January 2018)\], it spread swiftly to the east towards Rafina, directly impacting several local settlements. The fire reached the settlement of Mati (in almost 30--40 min), where it finally stopped, meeting the coastline; the fire front was nearly 1 km wide ([Fig. 3](#f0015){ref-type="fig"}). According to EFFIS assessments for 23 July 2018, the fire danger conditions in the Attika region (around Athens) were of very high to extreme levels, specifically in the locations of Rafina where the fire occurred ([@b0145]).Fig. 3Impacts of the devastating fire of 2018 at Mati, Attika.

Overall, the adverse weather conditions, the regional morphology and microclimate, the town configuration and the differences in fuels created ideal conditions for rapid fire spreading. More specifically, gale force west‐northwest winds over Attica with gusts often exceeding 100--120 km h^−1^ allowed for minimum response time. The latter act as downslope winds in the eastern regions of Attica resulting in significant temperature rise and low humidity. Furthermore, fuel differences (see [Section 2.1.2](#s0025){ref-type="sec"}; type and amount of vegetation due to previous fires) could have led to alterations in fire behavior and the rate the front spread eastwards towards Mati. Additionally, the poor spatial planning (houses built near or even within pine forest at random density; incomplete road network with narrow streets and dead ends; not a single street was designed to provide direct access to the sea; paths leading to the sea were blocked by fences; rocky and steep seashores; lack of public gathering places etc.) and the lack of firewalls (Marathon Avenue, given its 15 m width could have served as such, yet the unprecedented severity of the fire and the inadequate coordination measures led to its overcome) resulted in the entrapment of a significant number of people.

102 human lives were lost, hundreds of square kilometres of Aleppo pine (Pinus Halepensis) forest (locally mixed with Cypress trees and shrubby vegetation, especially within the WUI zone); cultivated parcels and urban greenery were incinerated, \>1,500 buildings were destroyed or suffered damages and many vehicles (3 0 5) were ruined. Local residencies were evacuated and abandoned, with numerous people ending up homeless, struggling with recovery or rebuilding efforts up to this day. Severe damages were caused to the electricity, telecommunication and water supply network as well. Apart from the direct losses, long term impacts involve health issues from impaired air quality due to the wildfire smoke and heavy metals melting, and a wide range of financial impacts such as a downturn in tourism, business and recreation revenue (ecological damage harmed the natural resource base from which the local community derived economic activity and employment), insurance costs and public funding for disaster assistance, legal costs, and impacts on property and housing values within or near the fire perimeter due to proximity with burned landscapes.

### 2.1.2. Historical fires in the region {#s0025}

Apart from the fire event of 2018, other wildfires had previously occurred within the broader study area ([Fig. 4](#f0020){ref-type="fig"}). On 21 July 1995 a large fire broke out on Penteli Mountain, Attica, in a thick pine forest ([@b0680]). The fire burned about 251 km^2^ of land. Almost 105 buildings were heavily damaged or destroyed, yet no human lives were lost ([@b0675]). On 2 August 1998 a fire started at the northeast of Athens. The fire reached the 1995 burned area, re-incinerating any regenerated vegetation, while entered "deeper" into the settlements located at its perimeter ([@b0685]). It also affected unburned forest at the Penteli village outskirts. Hundreds of houses and public buildings were destroyed or seriously damaged; one civilian lost his life ([@b0685]). On 28 July 2005 another fire started from Rafina, eastern Attika. Its two fronts burnt 4 km^2^ of land resulting in damages to numerous buildings ([@b0685]). On 21 August 2009 a wildfire broke out in eastern Attica where it burned a total of 850 km^2^ of land, mainly pine forest. The fire extended throughout the entire north-eastern Attica. Around 72 houses were damaged, and several local communities were heavily affected. This fire is considered as one of the greatest, ever known in the prefecture of Attica.Fig. 4Historical fires in eastern Attika; Burned areas delineation using Landsat-5 archive satellite images.

2.2. Data and measurements {#s0030}
--------------------------

### 2.2.1. Earth Observation (EO) data {#s0035}

Across almost five decades, the NASA/USGS\'s program of Landsat satellites offers the longest continuous space-based record of Earth\'s surface. Landsat-5 (L5) was the fifth satellite of the Landsat mission, equipped with Thematic Mapper (TM) that operates on six multispectral bands (30 m pixel size) and a thermal band (pixel size 60 m). Moreover, the Copernicus program of the European Space Agency (ESA) provides innovative and continuous satellite data. Sentinel-2 (S2) is an optical satellite, which delivers very high spatial analysis imagery having a temporal resolution of five days. S2 is equipped with the MSI (Multi-Spectral Imager) sensor that operates on 13 different bands at a spatial resolution of 10 (4 bands), 20 (6 bands) and 60 (3 bands) m. Its data have significant usage in researches dealing with land cover monitoring and change detection ([@b0485]).

Several data sets were acquired for this study. S2 database is available free of charge via the ESA portal (<https://scihub.copernicus.eu/>). The available S2 products contained a processing Level-2A, geometrically and atmospherically corrected. Two S2 images (pre- and post-fire) were acquired for the burn scar delimiting and impact assessment ([Table 1](#t0005){ref-type="table"}). Moreover, four L5 TM Level 1 T images were obtained free of charge through the USGS Earth Explorer (EE) tool ([[https://earthexplorer.usgs.gov/]{.ul}](https://earthexplorer.usgs.gov/){#ir015}), proven valuable in delineating the most severe historical fires that occurred within the area. The images were geometrically corrected having a standard terrain correction applied ([Table 1](#t0005){ref-type="table"}). The digital image processing and spatial analysis were accomplished utilizing ENVI (5.5, Harris Geospatial Solutions, USA), ArcGIS (10.5.1, Environmental Systems Research Institute, Redlands, CA, USA) and SNAP (6.0, European Space Agency) software.Table 1Satellite images datasets.Satellite SystemInstrumentImage code/sourceAcquisitionUseSentinel-2MSIS2B_MSIL2A_20180705T091019_N02\
08_R050_T34SGH_20180705T13360305/07/2018Burn Scar delineation &\
Burn Severity extractionS2B_MSIL2A_20180804T090549_N02\
08_R050_T34SGH_20180804T14204004/08/2018  Landsat 5TMLT05_L1TP_182034_19950913_20180210_01_T113/09/1995Historical Burn\
Scar delineationLT05_L1TP_182034_19980905_20180727_01_T105/09/1998LT05_L1TP_182034_20050908_20180126_01_T108/09/2005LT05_L1TP_182034_20090903_20161021_01_T103/09/2009

### 2.2.2. Geospatial data {#s0040}

The Hellenic Military Geographical Service (HMGS) provided the topographic map (sheet "Kifissia", scale 1:50,000), used to extract different types of info-layers: geomorphology, rivers, roads, railway tracks etc. A detailed DEM with 5-m spatial resolution and 0.5-m in geolocation, deriving from topographical maps (scale 1:5,000, contour interval 4 m) of HMGS, was also used for the purposes of the study.

Precipitation measurements were derived from the METEONET network. METEONET includes over 10 fully automatic telemetric stations located in the wider Athens area; it has been developed and maintained by the National Technical University of Athens (NTUA) and more specifically by the Centre for Hydrology and Informatics (CHI) ([[http://www.chi.civil.ntua.gr/]{.ul}](http://www.chi.civil.ntua.gr/){#ir020}). The locations of the network\'s stations \[[Fig. 2](#f0010){ref-type="fig"}(a), [Table 2](#t0010){ref-type="table"}\] were selected to adequately cover the area of interest and meet strict monitoring criteria set by [@b0665] ([@b0205]). The meteorological stations\' data loggers, record data in 10 min intervals ([[http://hoa.ntua.gr/]{.ul}](http://hoa.ntua.gr/){#ir025}) (accessed 25 January 2019). The rain map of the study area is presented in [Fig. 5](#f0025){ref-type="fig"}. Precipitation was spatially distributed based on its mean annual values ([Table 2](#t0010){ref-type="table"}), utilizing the co-kriging interpolation method and using as a covariate the basin elevation.Table 2Precipitation stations.StationLatitudeLongitudeElevation (m)Interval (min)Records[2](#tblfn2){ref-type="table-fn"}Period (y)P[1](#tblfn1){ref-type="table-fn"} (mm)R[1](#tblfn1){ref-type="table-fn"} (MJ mm ha-^1^h−^1^ y−^1^)Agios Nikolaos491695.784210665.463831019/10/2003--13/11/201512616.77999.5Galatsi478563.954208803.4917615/06/2005--16/02/201813412.03702.2Ilioupoli478837.904196512.1720620/05/2005--17/07/201712460.671047.1Penteli (Diavasi Balas)492698.314213335.0763010/12/2003--15/11/201512665.171683.33Pikermi493583.154205666.3513321/12/2005--16/02/201813452.89886.02Zografou480493.494203306.0418105/08/2005--25/04/201813576.981252.29[^1][^2]Fig. 5Mean precipitation of the study area.

The definition of pedological properties was made considering fourteen [(14)](#e0070){ref-type="disp-formula"} soil samples \[[Fig. 2](#f0010){ref-type="fig"}(a)\], provided by the Greek National Agricultural Research Foundation (NAGREF) and the Land Use/Cover Area frame Survey (LUCAS) database ([@b0425]). The samples refer only to the surface layer (0--30 cm depth), delivering information of several attributes per sampling site, namely soil type, parent material, granulometry, organic matter content, nutrient content, surface coarse fragments abundance, subsurface stoniness, etc.

The CLC catalogue was used to illustrate land use. CLC is a static, classified, continental-scale land cover map, utilizing a Minimum Mapping Unit (MMU) of 25 ha for areal phenomena. In the present study the latest [@b0095] ([@b0095]) was managed for pre-fire and post-fire delineation ([Fig. 6](#f0030){ref-type="fig"}). Considering the CLC limitations \[by using a 25 ha MMU, higher resolution parcels may be missed; biased identification of WUIs at small-scale delineations, particularly in urban surrounding regions ([@b0115])\] and the Mati settlement spatial planning \[developed near or even within pine forest, forming a WUI ([Fig. 7](#f0035){ref-type="fig"})\], a critical "update" was made by introducing a new class named "Urban Forest" in order to distinguish such configuration ([Table 3](#t0015){ref-type="table"}).Fig. 6Land use, pre-; post-fire delineation.Fig. 7Indicative city layout/configuration of Mati, Attika.Table 3[@b0095] land use classification; pre- and post-fire delineation (shaded classes show significant changes).Pre-firePost-fireCodeLand usekm^2^%km^2^%111Continuous urban fabric9.967.369.807.24112Discontinuous urban fabric29.9722.1528.0620.73119[1](#tblfn3){ref-type="table-fn"}Urban forest7.225.342.001.48121Industrial or commercial units4.113.044.113.04122Roads and Rails1.911.411.911.41142Sport and leisure facilities0.260.190.260.19221Vineyards12.269.0612.249.05223Olive groves0.220.160.150.11242Complex cultivation patterns21.8816.1720.8915.44243Land principally occupied by agriculture,\
with significant areas of natural vegetation4.933.654.933.65312Coniferous forest5.403.993.842.83313Mixed forest0.400.300.240.18321Natural grassland0.090.060.090.06322Moors and heathlands0.130.100.070.05323Sclerophyllous vegetation6.554.846.554.84324Transitional woodland/shrub7.455.515.784.27333Sparsely vegetated areas22.5716.6819.9314.73334Burnt areas0.000.0014.4910.70Σ135.32100.00135.32100.00[^3]

2.3. The Revised Universal soil loss Equation (RUSLE) {#s0045}
-----------------------------------------------------

[@b0505] developed the Revised Universal Soil Loss Equation (RUSLE). RUSLE is an empirical soil erosion model that estimates gross (sheet; rill) erosion, based on five parameters, namely the rainfall erosivity (R-factor); soil erodibility (K-factor); topographic (LS-factor); cover management (C-factor); and conservation practice (P-factor) factors. Mean annual soil loss (A, t ha^−1^ y^−1^) is estimated according to Eq. [(1)](#e0005){ref-type="disp-formula"}.$$A = R \times K \times LS \times C \times P$$

The R-factor (MJ mm ha^--1^h^−1^ y^--1^) is the model\'s climatic component, accounting for the effect of precipitation on soil loss. The rainfall erosivity index *EI~30~* (MJ mm ha^--1^h^−1^) ([@b0635]) describes the erosive action of an individual rain event *k*. *EI~30~* is estimated by multiplying the rainfall kinetic energy *E* to its maximum 30-min intensity *I~30~* ([@b0075]) (Eq. [(2)](#e0010){ref-type="disp-formula"}). *E* is calculated per time interval *r*, as the sum of the rainfall volume *v~r~* (mm) times its unit energy *e~r~* (MJ ha^−1^ mm^−1^) products ([@b0075]), with the *e~r~* being a function of rainfall intensity *i~r~* (mm h^−1^) (Eq. [(3)](#e0015){ref-type="disp-formula"}). For any given period, *n,* the annual rainfall erosivity index derives by summing the *EI~30~* values of all erosive events *mj* that occurred within a year\'s time *j* ([@b0510]) (Eq. [(4)](#e0020){ref-type="disp-formula"}).$$EI_{30} = \left( {\sum\limits_{r = 1}^{0}{e_{r}v_{r}}} \right)I_{30}$$$$e_{r} = 0.29\left\lbrack {1 - 0.72\exp\left( {- 0.05i_{r}} \right)} \right\rbrack$$$$R = \frac{1}{n}\sum\limits_{j = 1}^{n}{\sum\limits_{k = 1}^{\mathit{mj}}\left( {EI_{30}} \right)_{k}}$$

The K-factor (t ha h ha^−1^ MJ^−1^ mm^−1^) is the model\'s pedological component, describing the susceptibility of soil against the actions of erosive rainfall and overland flow. The erodibility of the soil is estimated as a function of its characteristics, namely the grain size parameter *M*, the organic matter content *a* (%), the structure *b* and permeability *c* (Eq. [(5)](#e0025){ref-type="disp-formula"}). The calculation of *M* is based on the "silt + very fine sand" fraction *P~s~* (%) and clay fraction *P~c~* (%) contents (Eq. [(6)](#e0030){ref-type="disp-formula"}).$$K = \left\lbrack {\left( {2.1M^{1.14}\left( 10^{- 4} \right)\left( {12 - a} \right) + 3.25\left( {b - 2} \right) + 2.5\left( {c - 3} \right)} \right)/100} \right\rbrack 0.1317$$$$M = P_{s}\left( {100 - P_{c}} \right)$$

The LS-factor (dimensionless) is the model\'s topographic component. It is comprised by the slope length *L* ([@b0650]) (Eq. [(7)](#e0035){ref-type="disp-formula"}; fraction) and steepness *S* ([@b0330], [@b0335]) (Eq. [(7)](#e0035){ref-type="disp-formula"}; bracket) individual factors, describing their combined effect on erosion. The topographic factor is estimated as function of the slope\'s attributes i.e. horizontal projection of its length *λ* (ft) raised to a power of *m* (classified; calculated based on the rill to inter-rill erosion ratio *β*), angle *θ* and steepness *S* (%).$$\mathit{LS} = \left( \frac{\lambda}{72.6} \right)^{m}\left\{ \begin{matrix}
{10.8\sin\theta + 0.03,S < 9\%} \\
{16.8\sin\theta - 0.50,S \geqslant 9\%} \\
{3.0\left( {\sin\theta} \right)^{0.8} + 0.56,\lambda < 15ft} \\
\end{matrix} \right)$$

The C- and P- factors (dimensionless) account for the protective effect of vegetation and conservation measures (e.g. tillage practices in arable lands) against soil erosion, respectively.

### 2.3.1. Limitations of the RUSLE model {#s0050}

The RUSLE model describes the complex and highly non-linear soil erosion "mechanism" in a simplified manner ([@b0250]), through the linear multiplication of completely different individual parameters; drivers (rainfall, soil characteristics, topography, vegetation cover, and erosion control practices), while important processes like sediment transport; routing (within the hydrographic network), deposition etc. are not considered. Moreover, given the fact that the model disregards such processes, the transcendence from local soil loss risk assessment (gross erosion) to the estimation of sediment yield at the outlet of a given catchment requires the use of external coefficients like the Sediment Delivery Ratio. Also, RUSLE can only simulate sheet and rill (inter-rill) erosion, displaying inability to model gully and channel erosion. Additionally, its applicability on large spatial scales (e.g. catchment, nationwide, continental) where non-uniform climatic, land cover, soil type etc. conditions occur is controversial. Finally, its prediction accuracy at individual flood events -- given the important influence of unforeseen random fluctuations -- is low (significant deviation from the average values). Contrary, at longer time scales such accuracy is notably improved, since the variation is smoothed to the long-term average of the soil loss value ([@b0130]).

However, despite these limitations, the model can provide a solid basis in terms of soil erosion assessment and identification of high-risk soil loss areas, either as a rough initial; preparatory approach (at regions characterized by availability of detailed input data that will facilitate the subsequent application of more comprehensive; process-based models) or as the basic methodological approximation (at regions characterized by scarcity of input data of high spatio-temporal resolution).

2.4. Earth Observation data processing {#s0055}
--------------------------------------

### 2.4.1. The Normalized difference vegetation index (NDVI) {#s0060}

The Normalized Difference Vegetation Index (NDVI) expresses the difference between wavelength reflectance in two portions of the electromagnetic spectrum, the visible Red and the near-infrared (NIR) (Eq. [(8)](#e0040){ref-type="disp-formula"}) ([@b0535]), corresponding to the relative vegetation properties i.e. low reflectance in the Red and high reflectance in the NIR. The index acquires values in the range − 1 to + 1. In the lack of vegetation (e.g. bare soil, rock, urban areas) NDVI acquires low positive (0--0.2) or negative values (water bodies). Contrary, in the presence of dense vegetation (e.g. grassland, forests etc.) the index acquires values from 0.2^−^1 ([@b0550], [@b0270]).$$\mathit{NDVI} = \frac{\mathit{NI}R_{B8} - \operatorname{RED}_{B4}}{\mathit{NI}R_{B8} + \operatorname{RED}_{B4}}$$

### 2.4.2. The Normalized Burn Ratio (NBR) {#s0065}

The Normalized Burn Ratio (NBR) is used for highlighting burned areas, having the ability to indicate burn severity. It serves as a proxy of fire characteristics, towards assessing fire impact on vegetation and soil attributes and by extension on soil erosion. Healthy vegetation displays very high reflectance in the NIR band, and low reflectance in the shortwave infrared (SWIR) one. Burned areas on the other hand display relatively low reflectance in the NIR portion of the spectrum, while high in the SWIR one. High NBR values indicate healthy vegetation in general, and low, bare ground and recently burned areas ([@b0275], [@b0240]). The NBR formula utilizes the NIR (B8) and infrared (B12) satellite bands of S2 (Eq. [(9)](#e0045){ref-type="disp-formula"}).$$\mathit{NBR} = \frac{\mathit{NI}R_{B8} - SWIR_{B12}}{\mathit{NI}R_{B8} + SWIR_{B12}}$$

where, B4; B8 are the respective satellite bands of S2.

3. Results and discussion {#s0070}
=========================

3.1. NBR development {#s0075}
--------------------

The S2 products conveniently contain vector cloud and cirrus masks, which are created as a product of the atmospheric correction. Towards estimating the NBR index, a cloud mask was initially applied. Subsequently, resample (using band 2), subset (selecting bands 3, 8 and 12 and cloud mask) and Band Math \[calculating Normalized Difference Water Index (NDWI) (Eq. [(10)](#e0050){ref-type="disp-formula"}) and the NBR (Eq. [(9)](#e0045){ref-type="disp-formula"})\] processes were implemented, utilizing the Graph Builder tool of the SNAP software. Water bodies can display similar NBR difference in certain circumstances; therefore, it is necessary to mask them out by creating a single combined water mask. To detect the presence of water bodies, the NDWI was calculated utilizing near-infrared band 8 and the Green band 3 ([@b0185]).$$\mathit{NDWI} = \frac{\mathit{Gree}n_{B3} - NIR_{B8}}{\mathit{Gree}n_{B3} + NIR_{B8}}$$

Subsequently, NBR was estimated before and after the wildfire using Eq. [(9)](#e0045){ref-type="disp-formula"} ([Fig. 8](#f0040){ref-type="fig"}).Fig. 8Normalized Burn Ratio (NBR), pre-; post-fire delineation.

3.2. RUSLE application {#s0080}
----------------------

RUSLE was implemented in a GIS environment, using the ArcGIS 10.5.1 platform. Each parameter acquired the form of a digital map, and soil loss was estimated on a cell-by-cell basis.

The availability of detailed temporal resolution (10-min) precipitation measurements allowed the analytical estimation of the R-factor, based on *EI~30~*. Before any calculations were made, the rainfall values were aggregated to the desirable/theoretical 30-min temporal resolution. This is because direct calculation of the R-factor from lowest to highest precipitation timescale leads to gradual underestimation of its value ([@b0630], [@b0695]). The aggregation and the infilling of the time series gaps were made, using the HYDROGNOMON v.4.1.0.26 software, an open source software developed by the NTUA ([@b0260]).

The R-factor was estimated ([Table 2](#t0010){ref-type="table"}) using the RIST (Rainfall Intensity Summarization Tool) platform ([@b0600]). Low intensity rain events i.e. with depth less than 12.7 mm were excluded from the energy and intensity calculations, since they have a minor effect on *EI~30~*. The R-factor spatial distribution utilized the kriging interpolation methodology. Overall, the most erosive rainfall events are characterized by high R-factor values ([Fig. 5](#f0025){ref-type="fig"}). Mean R-factor was calculated as 1174.81 MJ mm ha^−1^h^−1^ y^−1^having variability range of 1126.10--1260.70 MJ mm ha^−1^h^−1^ y^−1^.

The availability of soil samples allowed the analytical estimation of the K-factor, based on the nomograph developed by [@b0640]. The process involved the initial categorization of the samples according to their granulometric composition ([@b0580]), their clustering into greater textural groups and the assignment of the structure *b* and permeability *c* ([@b0500]) indices codes. Given the granulometry classification, a theoretical value ([@b0090]) of Saturated Hydraulic Conductivity (SHC) (*K~f~*, mm h^−1^, fine soil fraction less than 2 mm) was ascribed to each sample. Since soil permeability is reduced by the presence of subsurface coarse fragments, their effect was considered by recalculating SHC (*K~b~*, mm h^−1^) using Eq. [(11)](#e0055){ref-type="disp-formula"} ([@b0070]). If *K~b~* is assigned to a different SHC class ([@b0420]) than *K~f~*, the permeability index value changes accordingly.$$K_{b} = K_{f}\left( {1 - R_{w}} \right)$$

where, *R~w~* is the ratio of coarse fragments \> 2 mm.

Additionally, for samples with organic matter content higher than 4%, an upper limit equal to this value was imposed according to the nomograph restrictions. Since surface stoniness/stone cover (*R~c~*, %) reduces soil erodibility i.e. sediment yield ([@b0435]), its effect was also incorporated by using Eq. [(12)](#e0060){ref-type="disp-formula"} ([@b0480]).$$\mathit{St} = \left\{ \begin{matrix}
{1,R_{c} < 10\%} \\
{e^{- 0.04{({R_{c} - 10})}},10\% \leqslant R_{c} < 100\%} \\
\end{matrix} \right)$$

where, St is the correction factor.

The final K-factor value *K~St~*, including all limitations, was calculated by multiplying the parameter\'s delimited value with the correction coefficient (Eq. [(13)](#e0065){ref-type="disp-formula"}) ([Table 4](#t0020){ref-type="table"}).$$K_{\mathit{St}} = St \times K$$Table 4K factor analytical estimation.Code[1](#tblfn4){ref-type="table-fn"}Class[2](#tblfn5){ref-type="table-fn"}Group[3](#tblfn6){ref-type="table-fn"}Structure[4](#tblfn7){ref-type="table-fn"}b[5](#tblfn8){ref-type="table-fn"}Permeability[6](#tblfn9){ref-type="table-fn"}a[7](#tblfn10){ref-type="table-fn"}Coarse[8](#tblfn11){ref-type="table-fn"}c[9](#tblfn12){ref-type="table-fn"}Gravels[10](#tblfn13){ref-type="table-fn"}St[11](#tblfn14){ref-type="table-fn"}K~St~[12](#tblfn15){ref-type="table-fn"}702SCLMFMCG3ML4.0027.54600.140.004703SCLMFMCG3ML3.60104101.000.022736SCLMFMCG3ML4.00104600.140.003737SCLMFMCG3ML4.00104101.000.022761SCLMFMCG3ML2.81104600.140.003762CLMFMCG3ML3.303.54600.140.004763SLMCMCG3MF4.003.52600.140.003764CFFG2VS4.0027.56600.140.005770SCLMFMCG3ML4.0010427.50.500.015771SCLMFMCG3ML3.9410427.50.500.01111,983SLMCMCG3MF0.1718237.50.330.00611,996CLMFMCG3ML1.8712451.000.02611,998SLMCMCG3MF3.5813217.50.740.00812,000SLMCMCG3MF2.825251.000.006[^4][^5][^6][^7][^8][^9][^10][^11][^12][^13][^14][^15]

The K-factor spatial distribution utilized the Inverse Distance Weighing (IDW) method ([@b0030], [@b0430]). Overall, high K-factor values characterize the most erodible soils ([Fig. 9](#f0045){ref-type="fig"}). Mean K-factor was calculated as 0.0127 t h MJ^−1^ mm^−1^ having variability range of 0.003--0.026 t h MJ^−1^ mm^−1^.Fig. 9RUSLE factors.

The EU LS-factor ([@b0440]) and P-factor ([@b0445]) datasets, made available by the European Soil Data Centre (ESDAC), were used for estimating the topographic and support practice factors, respectively. Overall, the highest LS-factor/P-factor values characterize areas of strong relief/absence of prevention measures. Mean LS-factor was calculated as 1.99 having variability range of 0.03--47.58. P-factor acquired a unit value, accounting for the lack of recorded protection measures in the region ([Fig. 9](#f0045){ref-type="fig"}).

The [@b0095] delineation was the base-map for the cover management factor estimation. Each class was initially assigned with an empirical C-factor value ([@b0650], [@b0450]) ([Table 5](#t0025){ref-type="table"}). Subsequently, in non-arable lands C-factor was re-calculated following the methodology proposed by [@b0450]. The latter accounts for the effect of vegetation density variations ([@b0280]) in the estimation of C-factor, considering the combined impact of biomass (above-; below-ground) and environmental conditions ([@b0575]). According to such approach, a range of C-factor values (C~Landuse~) was ascribed to each non-arable CLC class, while proxy vegetation layer \[e.g. Fraction of Vegetation Cover, F~cover~ ([[https://land.copernicus.eu/global/products/fcover]{.ul}](https://land.copernicus.eu/global/products/fcover){#ir030}) (accessed 25 January 2019)\] was used for the quantification of the vegetation cover impact in the estimation process (Eq. [(14)](#e0070){ref-type="disp-formula"}). In the present study, the proposed F~cover~ dataset was replaced by the NDVI (normalized in the range 0--1), serving as proxy pre-; post-fire vegetation cover layer ([Fig. 10](#f0050){ref-type="fig"}) (instantaneous information, representative of the time of the satellite images acquisition). NDVI was estimated based on Eq. [(8)](#e0040){ref-type="disp-formula"}. Low C-factor values indicate strong protection against erosion, met at areas of high vegetation cover ([Fig. 9](#f0045){ref-type="fig"}). The minimum C-factor value is acquired when the NDVI reaches the unit (soil fully covered by vegetation).$$C_{\mathit{NONarable}} = Min\left( {C_{\mathit{landus}}}_{e} \right) + Range\left( C_{\mathit{landuse}} \right) \times \left( {1 - NDVI} \right)$$Table 5C-factor values, pre-, post-fire delineation.Pre-firePost-fireCode[1](#tblfn16){ref-type="table-fn"}C[2](#tblfn17){ref-type="table-fn"}Range (C~Landuse~)Range[3](#tblfn18){ref-type="table-fn"}Min (C~Landuse~)NDVIC~w~[4](#tblfn19){ref-type="table-fn"}NDVIC~w~[4](#tblfn19){ref-type="table-fn"}1110.0001----0.0001--0.0001--0.00011120.001----0.001--0.001--0.0011190.0005----0.0005--0.0005--0.00051210.001----0.001--0.001--0.0011220.0001----0.0001--0.0001--0.00011420.005----0.005--0.005--0.0052210.250.15--0.450.30.150.320.350.320.352230.10.1--0.30.20.10.320.240.310.242420.180.07--0.20.130.070.320.160.310.162430.070.05--0.20.150.050.360.150.360.153120.0020.0001--0.0030.00290.00010.520.00150.500.00153130.0010.0001--0.0030.00290.00010.620.00120.570.00133210.050.01--0.080.070.010.260.060.260.063220.170.01--0.10.090.010.560.050.500.053230.030.01--0.10.090.010.510.050.480.063240.020.003--0.050.0470.0030.450.030.430.033330.450.1--0.450.350.10.400.310.360.323340.550.1--0.550.450.10.160.48[^16][^17][^18][^19]Fig. 10NDVI, pre-; post-fire delineation.

3.3. Pre-fire analysis {#s0085}
----------------------

Analysis comprised two stages, one before the fire and one after it. The pre-fire application of RUSLE yielded mean annual soil loss of 4.53 t ha^−1^ y^−1^, having variability range of 3.44--149.02 t ha^−1^ y^−1^. These values are in accordance with the ones estimated by [@b0455] for the Greek territory, i.e. 4.13 t ha^−1^ y^−1^. The most erosion-prone areas (coloured red) are situated at the north of the basin \[[Fig. 11](#f0055){ref-type="fig"}(a)\], in the highest altitudinal zone. The latter occupy a notable part of the study area, yet with significantly less expanse against the low-risk ones. Regarding the aspect, highly susceptible to erosion areas are cited at slopes facing the south ([@b0310]). Focusing on the (imminent) burnt area of the broader Mati settlement, RUSLE implementation yielded mean annual soil loss of 3.75 t ha^−1^ y^−1^, having variability range of 0.00--78.61 t ha^−1^ y^−1^. High-risk areas (red colour) occupy the western part of the settlement \[[Fig. 11](#f0055){ref-type="fig"}(c)\] partially coinciding with the ones of the antecedent watershed. The model showed large variations in erosion rates at the study site (basin, WUI). Notably high values of soil loss, for a few sites (respectively), had a disproportionate effect on its mean value \[[Fig. 11](#f0055){ref-type="fig"}(a), (c)\].Fig. 11Soil loss, pre-; post-fire analysis.

The four archive L5 TM images were co-registered and used for the detailed mapping of the historical wildfires that outburst in the study area. The most vulnerable areas are met where such fires have previously occurred, at cites displaying the highest fire frequency rate ([Fig. 12](#f0060){ref-type="fig"}). Apparently, changes in vegetation structure and community following repeated fires, can ultimately impact erosional processes and ecosystem recovery ([@b0670]).Fig. 12Historical fires overlay; fire frequency.

At these sites, the attributes of the model\'s individual factors, i.e. high-class R-factor (greater erosive potential of rainfall); LS-factor (rough morphology); C-factor (low vegetation cover); K-factor (greater soil erodibility) values and their complex combinations/inter-relations result in significant gross erosion rates. More specifically, the spatial patterns and numeric values of R-factor and erosive rainfall coincide. At high vulnerability regions, precipitation depth exceeds 600 mm ([Fig. 5](#f0025){ref-type="fig"}). Moreover, the highest K-factor values come from samples classified in the "Moderate Fine" class (Clay Loam; Sandy Clay Loam texture), displaying moderate to high erodibility, manifesting in easy to detach particles and crust formation proneness on the soil surface that leads to reduced infiltration and increased overland flow potential. The latter represent low organic matter ([@b0160]) and/or high silt ([@b0515]) \[or high clay ([@b0160])\] content soils, characterized by low stone coverage and moderate infiltration ([Table 6](#t0030){ref-type="table"}). The highest "moisture content at field capacity or 1/3 bar tension" (MS) and "bulk density of the top soil layer" (BD) values \[high BD decreases infiltration and water holding capacity, leading to increased runoff potential; a BD increase can obstruct water (air; nutrients) movement ([@b0125])\] are attained by the "Moderate Fine" and "Fine" soils ([Table 6](#t0030){ref-type="table"}), leading to low soil moisture storage capacity and by extension high runoff. Furthermore, the highest cohesion (COH) is met on the "Moderate Fine" and "Fine" soils (the lowest on the "Moderate Coarse" ones). These textural classes display resistance to erosion i.e. less particle detachment by runoff \[expressed as inverse function of COH ([@b0490], [@b0495])\]. Contrary, the lowest K-factor values derive from the "Moderate Coarse" classes samples, at high organic matter content; stone cover percentage cites \[large coarse fragments are less susceptible to transfer by being heavier; fine particles are detached more difficultly, by having higher cohesion strength ([@b0380])\]. Additionally, the highest LS-factor values (\>15) were found at the high relief areas (hillslopes) of the basin ([Fig. 2](#f0010){ref-type="fig"}). It is here that the increased slope length (L) and steepness (S) account for greater runoff volume and velocity respectively, leading to a more intensive detachment of soil particles and thus a higher erosion rate ([@b0215]). Finally, the highest C-factor characterizes low or moderate land cover areas, i.e. mainly on "*sparsely vegetated areas*" and less (comparatively) on "*vineyards*" (CLC coding). The basin\'s forested mountainous areas are assigned with the lowest C-factor values. The canopy cover density; height (above-ground features) are related to rainfall interception while the ground cover; rooting system (on- and below-ground features) to runoff generation.Table 6MS, BD, COH parameters\' indicative values per textural class ([@b0375], [@b0385]).TextureClassMS[1](#tblfn20){ref-type="table-fn"} (%w w--^1^)BD[2](#tblfn21){ref-type="table-fn"} (Mg m--^3^)COH[3](#tblfn22){ref-type="table-fn"} (kPa)CoarseSand (S)0.081.52Loamy sand (LS)0.151.42Moderate coarseSandy loam (SL)0.281.22MediumLoam (L)0.201.33Silt (Si)0.151.3--Silty loam (SiL)0.351.33Moderate fineSandy clay loam (SCL)0.381.43Clay loam (CL)0.401.310Silty clay loam (SiCL)0.421.39FineSandy clay (SC)0.281.4--Silty clay (SiC)0.301.310Clay (C)0.451.112[^20][^21][^22]

Results are also affected by other parameters, like RUSLE\'s shortcomings, the rainfall characteristics i.e. inter-annual height; intensity and the mean annual fluctuation of precipitation, and the description of the soil characteristics based on soil samples. RUSLE\'s limitations are described in detail in [Section 2.3.1](#s0050){ref-type="sec"}. Rainfall fluctuation provokes analogous variation on the R-factor, affecting its multi-annual value. Moreover, soil samples information is limited to a local; point interest, the samples are small in numbers and unevenly distributed and they are spatially reduced based on a geostatistical method, which is an insufficient delineation given the high heterogeneity of soil attributes. In addition, the [@b0110] algorithm is a contributing area (CA) based method, using the Multiple Flow Direction (MFD) approach to estimate the LS-factor at the respective EU dataset. According to the latter, the slope length *λ* to CA conversion is performed considering two-dimensional topography, thus is not able to predict the cut-off conditions ([@b0705]) i.e. when a new segment begins as the slope gradient decreases. Furthermore, C-factor estimation was made by ascribing literature values (uniform per class) to the CLC base map. The stationary delineation of the cover management factor makes this approach inadequate to describe vegetation variation at large scales ([@b0625]). Additionally, this methodology (I) corresponds to a very coarse spatial resolution (1:100,000) and therefore is not suitable for local land management planning, and (II) is characterized by several approximations and inconsistencies, i.e. generalization and broad grouping, classification errors. Moreover, as erosion is a continuous and episodic process, the seasonal variability of vegetation affects erosion rates and estimation accuracy. Therefore, the use of the CLC, given its static nature, is unable to provide multi-temporal information, and only leads to approximate erosion estimates that entirely neglect the dynamic character of this episodic phenomenon in diverse landscapes. [@b0020] used variable time points to estimate the C-factor, underlining the significant contrast in the estimation of soil loss when considering the seasonal alterations of vegetation.

3.4. Post-fire analysis {#s0090}
-----------------------

The post-fire application of RUSLE yielded mean annual soil loss of 5.98 t ha^−1^ y^−1^, having variability range of 3.44--149.54 t ha^−1^ y^−1^. The most erosion-prone areas (coloured red) are also situated at the north of the basin \[[Fig. 11](#f0055){ref-type="fig"}(b)\], yet contrary to the pre-fire state they have expanded to include a notable part of the Mati settlement. The identical pre-; post-fire minimum and maximum gross erosion values indicate that they are still met outside the WUI zone. In the post-fire analysis, the inclusion of the area affected by the expansion of the fire within the settlement boundaries resulted in a greater mean annual soil loss. Focusing on the burnt area, RUSLE yielded mean annual soil loss of 18.58 t ha^−1^ y^−1^, having variability range of 0.00--135.88 t ha^−1^ y^−1^. Mean annual and maximum soil loss values are notably increased at the post-fire delineation (five and two times higher, respectively), with the moderate to high-risk regions (red colour) occupying almost the entire settlement area \[[Fig. 11](#f0055){ref-type="fig"}(d)\]. Although the burnt area comprises only 10.7% (14.49 km^2^; [Table 5](#t0025){ref-type="table"}) of the basin, the numeric results along with the spatial expansion of the erosion-prone cites constitute a strong index of the wildfire\'s devastating effects. As in the pre-fire state, RUSLE showed large variations in erosion rates at the study site.

The linear character of the model, and the fixed state of the R-; K-; LS-; P-factors per application, lead to the conclusion that the discrepancies in the pre; post-fire estimations are "controlled" only by the different C-factor values, i.e. the density and spatial distribution of vegetation cover. According to [@b0625] RUSLE displays high sensitivity to C-factor alterations, particularly when modelling post-fire erosion ([@b0265]). Several attempts have been made to assign post-fire C-factor values \[e.g. 0.2 ([@b0265], [@b0545]), 0.25 ([@b0170]), 0.27 ([@b0200]), 0.35--0.55 ([@b0285]), 0.9 ([@b0120])\]. At the present study, the base value of 0.55, introduced after a European literature review by [@b0450], was modified i.e. weighted to 0.48 ([Table 5](#t0025){ref-type="table"}). This post-fire C-factor tends to decrease exponentially after the first year of the fire towards a value of pre-fire conditions at the fourth year after the event ([@b0065]). This happens provided that the land recovers the same cover type (e.g. forest, shrubland, etc) as the one before the fire.

Furthermore, burn severity is classified among the most significant variables in triggering alterations on soil loss and runoff response ([@b0175]) after a fire event. NBR was used as the main (proxy) index for assessing such alterations. As results showed ([Fig. 8](#f0040){ref-type="fig"}), extended portions of the WUI were almost completely affected by the fire leading to lower (low NBR indicates bare ground and recently burned areas) local and mean NBR values. The latter interpret the extremeness of the event that almost wiped out the entire settlement. Overall, the post-fire NBR and soil loss maps "coincide", supporting the general theoretical principals, according to which in areas of high burn severity instability and soil erosion have greater probability to manifest ([@b0050]).

Moreover, bedrock within the WUI zone \[[Fig. 2](#f0010){ref-type="fig"}(b)\] comprises almost entirely Neogene formations. They are characterized by moderately high to high susceptibility to erosion, favouring surface runoff. The post-fire loss of vegetation cover has exposed these formations to the erosive powers of precipitation (raindrop impact; surface runoff), leading towards accelerated rates of soil erosion. Yet, although increased runoff (in terms of both volume and velocity), unhindered transition downstream and manifestation of flooding events are possible, sedimentation rate is expected to be restrained to realistic levels by the settlement\'s spatial configuration, acting as a natural barrier. Limestones are also present, at the north-northwest part of the burnt area and display little susceptibility to erosion due to increased water infiltration. Their effect on erosion is almost negligible, due to their high permeability and limited extent.

Change in soil properties that affect erosion processes, such as sealing i.e. the clogging of soil pores that decreases soil water holding capacity and infiltration, and leads to accelerated storm water runoff and surface erosion, formation of water repellent layer, decrease in the effective hydrological depth (the soil depth within moisture storage capacity "regulates" the generation of overland flow), should also be taken into consideration when addressing the phenomenon\'s adverse effects, especially within the WUI zone.

3.5. Post-fire erosion control {#s0095}
------------------------------

The severity of fire effects on the basin\'s hydrologic response and erosion dynamics requires the development and application of an integrated prevention and mitigation strategy based on the accurate assessment of post-fire runoff and sediment yield. In general, erosion-control measures and rehabilitation plans mainly aim towards reclamation of soil cover, improved infiltration capacity restoration, reduction of sediment processes such as detachment and transport ([@b0655], [@b0170], [@b0400]), considering the severity of the problem and its socio-economic extensions ([@b0055], [@b0255]). The goal is to reduce the accelerated sediment yield until the regeneration of natural vegetation.

Erosion barriers, mulch, and chemical treatments should be applied to hillslopes. Erosion barriers contribute to the reduction of sediment volume reaching the waterbodies (or settlements met on the way), the decrease of runoff volume and velocity (by interrupting the straight pathway of overland flow downslope), and the increase of infiltration rates. Mulch treatment can "technically" increase ground cover on burned slopes prior to vegetation\'s natural regeneration, providing protection against splash-erosion and moreover enhancing soil stability ([@b0525]). Restoration of soil drainage capacity (at least at burned croplands) could be achieved by ploughing or tilling, in order to break-up aggregates and/or the fire-induced water repellent layer ([@b0245]).

Drainage channel beds must be periodically cleaned of fire-induced wooden debris or sediments that have been transported to the basin\'s hydrographic network by (the currently increased) overland flow, to avoid blocking the drainage pathways and eventually overwhelming their capacity ([@b0060]).

Resources should also be focused on fuel reduction efforts, especially in the WUI ([@b0225]). Biomass removal to reduce wildfire risk (or intensity, in case of outbreak) can produce highly effective short-term results ([@b0005]), regardless of the significant and recurring investments of time and money. Additional prevention actions should involve the use fire resistant building materials and clearing away the peripheral home ignition zone from flammable elements ([@b0100]).

In the aftermath of the wildfire event, the National Technical University of Athens presented a two-fold plan for the region, involving prevention and protection measures. The former, comprise the development of mixed forests over the burnt areas, with shrubs and trees, using passive refractory plants (e.g. laurel, vineyards, certain species of pine, beech, walnut, etc.) and the construction of residential control zones with appropriate vegetation at their perimeter. The latter comprise the creation of firefighting zones within the forest and the settlement (WUI zone), and several other measures and infrastructure improvements to tackle potential disasters in the future. The Geotechnical Chamber of Greece on the other hand focused on the preservation of the region\'s "green equilibrium" i.e. replacement of burnt forest; croplands; urban greenery by an equal amount of such elements, with possible changes in spatial planning.

4. Conclusions {#s0100}
==============

The paper describes the utilization of innovative Earth Observation data and the application of the empirical RUSLE model at the Mati, Attika settlement Wildland-Urban Interface (WUI) zone and its antecedent basin, after the devastating fire of July 2018, for the simulation of soil erosion. The paper has successfully introduced the use of WUI land cover as an input for better estimating cover-management changes for soil erosion modelling.

Analysis comprised of two stages, one before the fire and one after it. Post-fire erosion rates are notably higher throughout the study area -- and more specifically within the WUI zone. Furthermore, after the fire the high vulnerability cites occupy almost entirely the Mati settlement area. Remote sensing data were also used in order to determine fire severity. The derivative indices (Normalized Burnt Ratio Index etc.) post-fire values indicate the event\'s devastating effects on vegetation and soil. The sensitivity of cover-management factor is high in case of wildfire events propagating exponential increase of potential erosion rates in areas affecting by wildfires. The results of our study showed a 5-fold increase of erosion rates after the Mati wildfire compared to pre-fire conditions.

The realistic results attest that RUSLE can perform well at such "diverse" conditions (Mediterranean environment; post-fire; WUI zone), providing a solid basis for soil loss calculation and designation of high-risk erosion regions. Apart from its practical applicability, its simplicity, ease of use, low input data and computation demands are of equal importance. Moreover, the archive satellite data reveal how the repeated fires, can ultimately impact vegetation recovery or degradation and erosional processes.

While this research effort relied on the assessment of the soil degradational effect of the wildfire event in comparison to the previous unburnt state of the study area, alternative research pathways could also be sought. Such efforts could entail the improvement of post-fire soil loss rates accuracy by utilizing comprehensive; process-based erosion models (new field measurements and additional data need to be acquired for a more solid and objective analysis), the investigation of post-fire soil redistribution at different temporal scales through the application of tracers (e.g. ^137^Cs), the quantification of post-fire wind erosion (responsible for the redistribution of ash and fine minerogenic sediment), the investigation of fire impact on nutrient; organic matter content etc. losses (by extension soil fertility), carbon release and air pollution. Of high importance is the mapping of fuels by utilizing very high-resolution imagery (remote sensing applications), and their interactions with climatic, topographic, socio-economic etc. factors. The results can be included in a wide range of management practices, e.g. real-time support on fuel management during the fire season etc. Targeted efforts for the protection of the WUI could involve a review of the local agricultural policy in order to include the development (and spatial design) of *peri*-urban agricultural zones, towards controlling the growth of artificial areas and preventing the direct contact between woodland and urban land. Additional research on that matter could focus on exposure conditions (they vary depending on the fuels, terrain, weather, and characteristics of the community i.e. the housing density, the extent of community perimeter adjacent to wildlands) and structure vulnerability (components and materials used) towards reducing structure losses.

Overall, the study can serve as a preliminary guide for scientific and policy making purposes, towards developing and applying a post-fire soil management/erosion mitigation/restoration and protection plan in the area. Such plan(s) could involve technical (sediment retention dams etc.) and administrative measures (hydrologic design etc.), tackling the phenomenon\'s adverse and multifaceted effects. The latter could easily be integrated into a holistic assessment of disturbance agents responsible for land degradation, such as land use change, cultivation practices etc. It is underlined that research ought not to be confined on the scientific community but conveyed to the general public, raising awareness on fire-induced soil erosion.
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[^1]: Total values represent the sum of monthly averages.

[^2]: Relatively different periods; due to their minor deviations they are considered consistent.

[^3]: new class, developed to describe the specific land use characteristics of the study area.

[^4]: Overseer: NAGREF (702--771 samples), LUCAS (11983--12000 samples).

[^5]: SCL: Sandy Clay Loam, CL: Clay Loam, SL: Sandy Loam, C: Clay.

[^6]: MF: Moderate Fine, MC: Moderate Coarse, F: Fine.

[^7]: MCG: Medium or Coarse Granular, FG: Fine Granular.

[^8]: Soil structure index: 2 (Fine Granular), 3 (Medium or Coarse Granular).

[^9]: ML: Moderate Low, VS: Very Slow, MF: Moderate Fast.

[^10]: OM content (%) -- upper 4% limit exceedance marked in grey background.

[^11]: In %.

[^12]: Soil permeability index: 2 (Moderate Fast), 4 (Moderate Low), 6 (Very Slow)

[^13]: In %.

[^14]: Correction factor -- values marked in grey background for Rc (stone cover percentage) lower than 10%.

[^15]: K~St~ factor -- corrected for OM content and coarse fragments restrictions, in t ha h ha^−1^ MJ^−1^ mm^−1^.

[^16]: 221--334: Non-arable.

[^17]: initial C-factor values.

[^18]: the result of maximum--minimum C~Landuse~ values.

[^19]: weighted C-factor values for non-arable lands ([@b0450]).

[^20]: Moisture content at field capacity or 1/3 bar tension.

[^21]: Bulk density of the top soil layer.

[^22]: Cohesion.
